The complete (6,449-bp) 
Cadmium is a heavy metal used extensively in industry for a variety of applications, including electroplating, protection against corrosion, and stabilizing plastic. Over the last century, its increased industrial use has led to cadmium contamination of the environment, plants, animals, food products, and humans. Cadmium is toxic and blocks several metabolic processes in bacteria, including respiration (44) . It is not surprising that bacteria have acquired various cadmium resistance mechanisms, recently reviewed (30, 41) .
Among Listeria monocytogenes strains, 35.8% are cadmium resistant, with a higher incidence among strains isolated from the environment and food. This suggests that cadmium resistance confers a significant selective advantage to L. monocytogenes in the environment (27) . Of the cadmium-resistant isolates, 87.2% contain plasmids (27) . Sequence analysis suggests that the mechanism of plasmid-borne cadmium resistance in L. monocytogenes is an energy-dependent cadmium effiux system, involving two proteins, CadA and CadC (26) .
These proteins are similar to the products of the well-studied cadmium resistance determinants cadAC of Staphylococcus aureus (41) . Cadmium resistance in L. monocytogenes is induced by the presence of trace amounts of Cd2+ in the culture medium (26) .
Various L. monocytogenes strains of serogroups 1 and 4 from environmental, clinical, and alimentary sources contain plasmids of between 24 and 106 kb in size. The majority of these plasmids (95%) confer cadmium resistance (27) . The distribution of cadmium resistance among L. monocytogenes isolates is thus complex: many different strains are resistant; plasmids of 3050 LEBRUN ET AL. Strains of Escherichia coli were grown in LB medium at 37°C, and L. monocytogenes strains were grown in brain heart infusion (BHI) broth or agar (Difco Laboratories, Detroit, Mich.). Media were supplemented with ampicillin at a concentration of 100 ,ug/ml in agar and 25 ,ug/ml in liquid medium as appropriate. Ampicillin was purchased from Sigma Chemical Co. Plasmid pUC18 (46) was used to clone DNA fragments in E. coli strains. Molecular cloning and DNA analysis. All cloning procedures were carried out by standard protocols (36) or the reagent manufacturer's instructions. Plasmid DNA and RNA were extracted from L. monocytogenes as described in the accompanying article (26) , and chromosomal DNA from L. monocytogenes was prepared as described previously (29 Fig. 1 . The region corresponding to the cadmium resistance determinants was cloned into pMa4, and its sequence has previously been determined (26) . The 377-, 767-, and 1,499-bp EcoRI fragments of pLm74, which spanned the entire tnpR gene and the 5' part of the tnpA gene, were cloned in pUC18 to generate pMal, pMa2, and pMa3, respectively. Plasmids pMa4O and pMa4l, carrying part of the tnpA gene from pLm74, were constructed in two steps. First, the 6.3-kb BglII-BamHI fragment from pLm74 was cloned into the BamHI site of pUC18 to generate pMa7. Then, the 2.5-kb EcoRI fragment of pMa7 was subcloned in both orientations into the EcoRI site of pUC18 to generate pMa4O and pMa4l.
Sequences were determined by the dideoxynucleotide chain termination method of Sanger et al. (37) Table 1 . Nine of the plasmids were from cadmium-resistant strains, and two were from cadmium-sensitive strains. All the plasmids were of different sizes, ranging from 14 to 106 kb. Plasmid pLm74, in which the cadmium resistance genes cadA and cadC have been located on a 3.1-kb EcoRI fragment (26) , was included in the study. The plasmids were digested with restriction endonucleases BglII, BamHI, EcoRI, and XbaI.
All the plasmids had different restriction profiles (data not shown). However, the nine plasmids from cadmium-resistant strains had three common EcoRI fragments of 370, 800, and 1,500 bp, which were absent from the plasmids from sensitive strains. In pLm74, these fragments were contiguous and adjacent to the 3.1-kb EcoRI fragment conferring cadmium resistance (Fig. 1A) .
Cadmium resistance genes of pLm74 are flanked by sequences similar to transposition genes. The three contiguous EcoRI fragments of 370, 800, and 1,500 bp of pLm74 that were common to all the plasmids conferring cadmium resistance were cloned into pUC18, giving pMal, pMa2, and pMa3, respectively. The complete nucleotide sequences of these three fragments were determined on both strands.
The reconstituted sequence of these contiguous fragments
contains two large open reading frames (ORFs). (40) , especially to the IRs of Tn9l 7 (Fig. 3 ) (39) . The invariable GGGG sequence found at the extremity of the IRs of transposons of the Tn3 family is present in the termini of Tn5422.
Transposase. The predicted tnpA gene of pLm74 encodes a protein of 971 amino acids, with a calculated molecular mass of 111 kDa. The gene is preceded by a ribosome-binding site and is followed by an imperfect 15-bp IR partly included in the right IR (Fig. 2) . The same structure has been found in Tn917 and was postulated to be a putative transcriptional stop signal (39) . In TnS422, this stem-loop structure has a AG of -18 kcal (9% and, by analogy with Tn917, could also act as a tnpA transcriptional terminator, although it lacks the run of T's thought to be important for termination.
The deduced polypeptide TnpA shows the greatest similarity to TnpA of Tn917 (81% identity) (2) . The DNA sequences of the tnpA gene of Tn917 and the tnpA gene of Tn5422 are also similar (Fig. 4A) . TnpA of TnS422 exhibits similarities to transposases from gram-positive and gram-negative bacteria, but a dendrogram of sequence relationships among these transposases (Fig. 5) shows that the transposase of Tn5422 is most closely related to those of other gram-positive bacteria. Sequence alignments of the transposases show that the amino acid sequence of the C terminus is particularly conserved (data not shown). This observation is in agreement with the presumed function of the C-terminal domain of the transposase, which is predicted to participate in DNA cleavage and ligation, a common feature of all transposases. The N-terminal region has been implicated in recognition of the IR and may thus differ for each transposon (15, 45) .
Resolvase. The ORF preceding tnpA encodes a protein of 184 amino acids, with a calculated molecular mass of 20.9 kDa, which is similar to the resolvase (TnpR) of Tn917 (84% identity) (39) . This putative tnpR gene of TnS422 is preceded by a putative ribosome-binding sequence (Fig. 2) .
The deduced amino acid sequence of this ORF is similar to those of various site-specific recombinases, including the Pin, Gin, and Cin invertases (Fig. 6) . The resolvases of the Tn3 family have an N-terminal domain containing the putative serine involved in recombination and a C-terminal DNAbinding domain (40) . In Tn5422, the invariant serine and the helix-turn-helix DNA-binding motif were present (Fig. 6) .
The TnpR of TnS422 is also closely related to the TnpR of (Fig. 2 and Fig. 4 ). In Tn917, one binding site has been described (40) . We also found one binding site in the case of Tn5422. The Tn5422 and Tn917 putative binding sites differ at only five positions. The resolvases of TnS422 and Tn917 are extremely similar, and it is not surprising, therefore, that their res sites (the site recognized by the resolvase) are also very similar.
Structural organization of TnS422 and comparison with Tn917 and the putative transposon of B. firmus. Tn5422 is 6,449 bp long, with a G+C content of 37.9%, in agreement with that of the L. monocytogenes chromosome, which is between 37 and 39% G+C (38) . TnS422 contains genes for cadmium resistance functions (cadC and cadA) as well as genes for transposition (tnpA and tnpR) and is bracketed by inverted repeats of 40 bp. Therefore, Tn5422 can be placed in the family of Tn3 transposons. In Tn5422, the transposase and resolvase (35) , TnJ546 from E. faecium (3), Tn501 from P. aeruginosa (14) , Tn3 from E. coli (17) , and Tn2J from S. flexneri (20) . The invertases are Pin from Shigella boydii (43) , Gin from phage Mu (33) , and Cin from phage P1 (24) . The presumptive serine involved in recombination is in boldface, and the helix-turn-helix DNA-binding motif is boxed. (Fig. 4A) . Tn5422 and the putative transposon of B. firmus have the same organization. In both, the cadmium resistance genes (cadA and cadC) and transposition genes (tnpA and tnpR) are transcribed in opposite directions. In Tn917, all the genes are transcribed in the same direction (Fig. 4A) . In all these transposons, the putative res site lies between the resistance and transposition genes (Fig. 4B) .
Only the region between the left IR and the distal end of the erythromycin resistance gene is dissimilar in Tn917 and Tn5422 (Fig. 4A) . Tn917 contains an internal IR upstream of the res site. Shaw and Clewell (39) proposed that the segment comprising the internal IR, res site, tnpR, tnpA, and the right IR might be capable of independent transposition. Such independent transposition by a common ancestor may have led to the divergence of Tn917 and Tn5422.
The length of the intergenic region between the transposition genes and resistance genes in Tn917, Tn5422 , and the putative transposon of B. firmus is 216, 279, and 270 bp, respectively. The internal IR of Tn917 is not present in TnS422 or in the putative transposon of B. firmus. The similarity between Tn917 and Tn5422 starts at the res site. These observations suggest that Tn5422 is not derived from transposition of a Tn917 ancestor which contained only the internal and right IRs, res site, and tnpA and tnpR genes. However, it is possible that Tn917 and TnS422 have a common origin. Examination of the sequences of Tn917 and Tn5422 reveals that TnS422 may have derived from Tn917, according to the model shown in Fig. 7 . Insertion of a cadA4C "cassette" downstream from the internal IR of Tn917 may have resulted in the generation of a structure which gave rise to Tn5422 by internal deletion of erythromycin genes.
Transcription of tnpA and tnpR genes is not induced by cadmium. Transposition of the erythromycin resistance transposon Tn917 and the mercury resistance transposon TnSOl is induced by erythromycin and mercury, respectively (23, 39, 42) . We tested whether the transposition genes tnpA and tnpR are induced by the presence of cadmium by slot blot hybridization with a probe spanning the tnpA and tnpR genes. The conditions used to test induction were the same as those used for cadmium resistance gene induction (26) . RNA from cadmiumtreated and untreated cells was hybridized with a tnpA/tnpRspecific probe: there was no significant difference in hybridization signal intensity (Fig. 8) . Thus, the transposition genes of Tn5422 are not induced by cadmium under the conditions which induced the cadA and cadC cadmium resistance genes (26) .
In Tn917 and TnSOJ, all the genes are transcribed in the same direction and a transcript corresponding to the full length of Tn917 appears after induction with eythromycin, presumably leading to increased transposition frequency (39) . The cadmium resistance genes in Tn5422 are transcribed in the opposite direction from the tnpA and tnpR genes, and it is therefore not surprising that the transposition genes are not induced by cadmium.
Evidence for intramolecular transposition of TnS422 . We tried to demonstrate intermolecular transposition of Tn5422 by various different methods without success (data not shown). However, evidence for intramolecular transposition was obtained.
The sequence of Tn5422 from pLm74 does not contain small direct repeats at each end of the transposon (Fig. 2) . These short sequences are normally the result of transposon insertion and are usually found in transposons of the Tn3 family. Whether the absence of duplication of short DNA sequences was a characteristic of TnS422 was tested by sequencing the two transposon-plasmid junctions in eight different plasmids derived from eight independent cadmium-resistant L. monocytogenes strains. The EcoRI profiles of each of the plasmids display the common transposon-internal EcoRI fragments (377, 767, and 1,499 bp) but different transposon-host plasmid junction fragments (data not shown). Junction fragments were amplified by inverted PCR, and PCR products were sequenced with oligonucleotides derived from the cadmium resistance transposon sequence (Fig. 9A) . The sequences surrounding Tn5422 from pLm74, pLm27, pLm7l, pLmlO1, pLmlO6, pLml41, pLml73, and pLml76 are given in Fig. 9B .
All the transposons found in these plasmids have IR sequences identical to the IR sequences of pLm74 (data not shown). A duplication of the target site was found in only one plasmid (pLml4l), in which a 6-bp direct repeat is present (Fig. 9B) . The sequences flanking the left IR were identical in pLm27, pLm74, pLm7l, and pLml73 (for at least 50 bp; data not shown) but were different outside the right IR, except for pLm7l and pLml73. Identity on one side and difference on the other were also shown for the other plasmids studied (Fig. 9B) .
To explain these results, since pLm74, pLm27, and pLm71 have the same sequence on the left side of the transposon but different ones on the right side, we compared their maps (Fig.  9C ). The three plasmids had the same restriction map on the left side but not on the right side of the transposon, in agreement with the sequence data. This indicated that deletions of 23.5 and 18.3 kb of pLm7l adjacent to the right end of the transposon could have generated pLm74 and pLm27, respectively. Plasmid pLm74 could also be derived from pLm27 by a deletion of 5.2 kb.
Similar deletions adjacent to one of the extremities of a transposon have been described previously for Tn3 and Tnl: these deletions were shown to be the result of intramolecular replicative transposition (8, 31 (Fig. 10) . Two distinct groups of plasmids emerge. The first includes plasmids pLm74, pLm27, pLm4O, pLm7l, pLmlO1, pLml73, and pLml76, all extracted from L. monocytogenes strains of serotype 1. The second comprises pLmlO6 and pLml41 from serotype 4 strains. Plasmid pLml41 may be the ancestral plasmid of this second group of related plasmids, because it has a duplication of the target sequence, whereas pLml76 was presumably derived by intramolecular transposition from an ancestral plasmid already containing the transposon, since its IRs are not flanked by direct repeats. There is no evidence for a common ancestor for the two groups. This classification is consistent with a study of the diversity of L. monocytogenes plasmids (27) , which showed that plasmids from serogroup 1 and serogroup 4 L. monocytogenes strains were different.
Target site of the cadmium resistance transposon. The target sequence is that recognized by the transposon for its insertion. The majority of transposons generate characteristic short direct repeats of DNA sequence where they insert (6) .
Only one TnS422-containing plasmid, pLml4l, was flanked by a direct repeat. The length of the duplication was 6 bp, which is unusual since all other transposons of the Tn3 family create 5-bp duplications of DNA at their insertion sites. However, since this 6-bp duplication was observed only once, further analysis is required to determine whether the target duplication is indeed 6 bp.
Transposons show variable specificities of insertion. Some members of the Tn3 family appear to prefer A+T-rich sequences or sites similar to the ends of the transposon (6) . Others, like Tn554, are site specific (25) . The target specificity of Tn5422 was evaluated by comparing the sequences flanking the transposon. The nine different plasmids had nine different sequences adjacent to the transposon, each corresponding to an insertion site (Fig. 9B ). Tn5422 therefore does not appear to have any target specificity.
In conclusion, this study is the first detailed report of a natural transposon in L. monocytogenes. TnS422 is closely related to Tn917, a transposon of E. faecalis that confers erythromycin resistance (39) . A previous study of L. monocytogenes reported that the tetracycline resistance gene tet (M) is probably carried by mobile genetic elements similar to TnI545, a conjugative transposon of E. faecalis (34) . Thus, natural isolates of L. monocytogenes may contain various different types of transposon.
Cadmium is used extensively for a variety of industrial applications, which has led to contamination of soil, water, plants, the food chain, animals, and humans. In L. monocytogenes, the existence of Tn5422, a transposon conferring cadmium resistance, is favorable for the dissemination of cadmium resistance among the L. monocytogenes population and presumably provides a relative advantage for survival in the environment. 
